Identifying potential ligand binding sites on a protein surface is an important first step for targeted structurebased drug discovery. While performing control experiments with Escherichia coli peptide deformylase (PDF), we noted that the organic solvents used to solubilize some ligands perturbed many of the same resonances in PDF as the small molecule inhibitors. To further explore this observation, we recorded 15 N HSQC spectra of E. coli peptide deformylase (PDF) in the presence of trace quantities of several simple organic solvents (acetone, DMSO, ethanol, isopropanol) and identified their sites of interaction from local perturbation of amide chemical shifts. Analysis of the protein surface structure revealed that the ligandinduced shift perturbations map to the active site and one additional surface pocket. The correlation between sites of solvent and inhibitor binding highlights the utility of organic solvents to rapidly and effectively validate and characterize binding sites on proteins prior to designing a drug discovery screen. Further, the solvent-induced perturbations have implications for the use of organic solvents to dissolve candidate ligands in NMR-based screens.
Knowledge of the location and characteristics of potential binding sites on proteins is essential for targeted ligand design. Simple uncharged organic solvent molecules have recently been shown to be useful for probing the reactivity of binding sites on proteins. For instance, crystallization of elastase in the presence of acetonitrile results in the solvent populating known inhibitor binding sites (Allen et al. 1996) , while solvent-protein NOEs have been used to similarly locate solvent molecules bound to cavities in lysozyme and FKBP (Liepinsh and Otting 1997; Dalvit et al. 1999) . Further, systematic screening approaches (Shuker et al. 1996; Fejzo et al. 1999) can detect weak-binding ligands and provide genuine lead compounds for drug discovery. Once binding sites have been identified, the myriad of computational (Miranker and Karplus 1991; Eisen et al. 1994; Rosenfeld et al. 1995; Brady and Stouten 2000) and experimental (Erlanson et al. 2000; Wei et al. 2000; Clements et al. 2001 ) techniques for optimizing the affinity of ligands can be applied.
In an ongoing project to characterize ligand-induced changes in enzyme structure and dynamics, we noted in two-dimensional 15 N HSQC spectra of E. coli peptide deformylase (PDF) (Meinnel et al. 1993; Rajagopalan et al. 1997b) , that many of the amide resonances perturbed by the candidate ligands were also perturbed by the organic solvents used to solubilize the ligands. To further explore this By mapping the sites of chemical shift perturbation onto the crystal structure of PDF (Chan et al. 1997; Becker et al. 1998 ), we found a strong correlation between sites perturbed by the solvents and the inhibitors. This correlation illustrates that valuable insights into the reactivity and location of ligand binding sites can be readily obtained by solvent-induced shift perturbations prior to performing systematic small molecule screens (Shuker et al. 1996; Fejzo et al. 1999; Moy et al. 2001) , or de novo structure determinations (Allen et al. 1996; Liepinsh and Otting 1997; Dalvit et al. 1999 ). This work extends findings from computational methods such as MCSS (Miranker and Karplus 1991) , and crystallographic screening methods like MSCS (Allen et al. 1996) , which have shown that binding sites can be characterized by screening with solvent molecules. Further, it serves as a reminder that the use of organic solvents to deliver candidate ligands can interfere with the detection of important weak ligand interactions.
Results and Discussion
Sites of solvent interaction were identified by chemical shift changes in 15 N-edited HSQC spectra through the course of a solvent titration; the effect of solvent on 135 of the 141 nonproline residues could thus be monitored without the need for de novo resonance assignments. Solvent-induced shift perturbations ranged from zero to a maximum of 0.27 ppm for 1 H and 0.93 for 15 N resonances (both in 5% isopropanol); a representative spectrum of PDF free compared with that in 5% ethanol is shown in Figure 1a . The identity of the residues whose resonances were perturbed and the degree of shift perturbation varied between the solvents, indicating that the probes interact in different ways with the protein, yielding unique insights into the characteristics of the binding sites. For instance, while the probes induce similar perturbations within the active site, isopropanol shifted additional resonances within a ␤-strand flanking the substrate binding site (residues 85-90) and the loop comprised of residues 62-68 (supplementary material).
The weighted-average shift perturbations ⌬ av (HN) (Grzesiek et al. 1996; Garrett et al. 1997; Foster et al. 1998) induced by ethanol are mapped onto the structure of PDF in Figure 1b , and in Figure 1c those induced by the highaffinity inhibitor, actinonin (scaled down threefold) (Chen et al. 2000) (unpublished data). All of the probes induced significant shift perturbations or line broadening of amide resonances of residues in the substrate-binding site of PDF; chemical shift perturbations were observed for many of these same residues (e.g., Ile 86 , Gly 89 , Glu
133
) for PDF in the presence of actinonin and the substrate analogs Fo-Met and Met-Ala-Ser (Meinnel et al. 1996) . In addition to the substrate-binding pocket, solvent-induced perturbations were consistently observed for some residues (Leu 78 , Val 100 , and Arg 102 ) forming the second largest surface cavity located on the opposite face of the protein. This cavity, comprised by residues 76-83, 100-103, 131, 134-135, and 145, was also identified by analysis of the protein surface with the computer programs PASS and CAST (Liang et al. 1998; Brady and Stouten 2000) .
The chemical shift changes are interpreted to reflect a preferential interaction of the solvent probes with the perturbed sites. Each probe used in the experiments has the capacity to accept a hydrogen bond, favoring an interaction with the backbone amides whose shifts were being monitored, plus an additional small aliphatic/hydrophobic region. Although many amides in PDF are available for hydrogen bonding to solvent molecules, only a fraction of those exhibited measurable shift changes. The absence of global changes in the spectrum and the correlation between the observed solvent-induced changes and those induced by substrates and specific inhibitors suggest that the shift perturbations identify sites of preferential solvent-protein interaction, rather than partial solvent-induced denaturation.
A final implication of these observations regards the use of organic solvents in NMR-based screening methods that have been gaining popularity (Shuker et al. 1996; Fejzo et al. 1999 ). Because of limited compound solubility, concentrated DMSO solutions of the candidate ligands are typically added to the target protein solution (∼400 L), to a final ligand concentration of ∼1 mM. In practice, particularly when screening mixtures, this can result in substantial concentrations of the organic solvent in the solution (i.e., Ն1% or in excess of 0.14 M), as previously noted (Fejzo et al. 1999) . Because dissociation constants for solvent-protein interaction can overlap this range (Liepinsh and Otting 1997; Dalvit et al. 1999) , the presence of organic solvents in a protein solution can both compete with a candidate ligand for a binding site, and obscure the results of the screen.
The simple experiments described here have shown that by acquiring 15 N-edited HSQC spectra in the presence of trace amounts of organic solvents, the reactivity of the protein surface can by rapidly probed without the need for conducting more time-consuming NMR experiments or carrying out a complete structure determination. By identifying both potential reactive surfaces and specific residues in or near ligand binding sites, the approach would be particularly valuable for guiding the design of targeted chemical screens (Erlanson et al. 2000) or site-directed mutagenesis experiments. NH 4 Cl (Martek). The protein was then purified by a two-step process that involved purification by Q Sepharose (Pharmacia), and gel filtration (Toso Haas G2000SW, 21.5 mm × 30 cm) chromatographies, followed by concentration and buffer exchange by ultrafiltration (Centriprep-10, Amicon). Sample purity was assayed by SDS-PAGE and electrospray mass spectrometry to be >95%.
Materials and methods

NMR spectroscopy
The purified protein sample (0.6 mM) was exchanged into NMR buffer (20 mM d 11 -Tris, pH 7.2 at 25°C (Cambridge isotopes), 10% D 2 O, 0.02% NaN 3 ). N HSQC spectra were acquired prior to and after addition of 25 L each of acetone, DMSO, ethanol, to 475 L of protein solution (2.5, 5% v/v).
The NMR data were recorded on a Bruker DRX-600 spectrometer at 318 K. Amide proton and nitrogen assignments for free PDF were obtained from the BioMagResBank (Accession No. 4089) (Meinnel et al. 1996; Dardel et al. 1998) ; resonance assignments of the PDF/actinonin complex will be published elsewhere (unpublished data) . The NMR data were processed using NMRPipe (Delaglio et al. 1995) and analyzed with NMRVIEW (Johnson and Blevins 1994) and PIPP (Garrett et al. 1991) .
Chemical shift mapping
Ligand-protein interactions were monitored by identifying perturbations in the 15 N HSQC spectra. To determine the per-residue (Farmer et al. 1996) where ⌬H and ⌬N are the differences between free and bound chemical shifts (Grzesiek et al. 1996; Garrett et al. 1997; Foster et al. 1998) . The weighted average chemical shift differences were mapped to the PDF crystal structure (1BS7) (Becker et al. 1998) using MOLMOL (Koradi et al. 1996) , with C ␣ radii rendered at 15 and 5 times the corresponding ⌬ av (HN) for ethanol and actinonin, respectively.
Electronic supplemental material
1. Two-dimensional HSQC spectra of PDF overlaid with spectra acquired in the absence and presence of actinonin, acetone, isopropanol, or DMSO (byerly_esm_f1.eps).
2. A graph of the per-residue ⌬ av (HN) in each solvent (byerly_esm_f2.eps).
